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Abstract— This paper reports the design and fabrication of a 
novel all-metal antenna operating in the millimeter-wave band. 
Based on the resonant cavity antenna (RCA) concept, the 
principle of antenna operation is explained, and parametric 
studies of several key design parameters are provided. A novel 
impedance matching technique is introduced to broaden the 
antenna return loss bandwidth. Two gain enhancement methods 
have been employed to achieve a more directive beam with 
reduced side lobes and back lobes. The D-band antenna 
prototypes are produced using i) all-metal printing without any 
postprocessing; ii) dielectric printing with copper metallization 
applied later. Comparisons of the simulated and measured results 
amongst the antennas fabricated using the two additive 
manufacturing techniques are made. Measurement results of the 
two antenna prototypes show that the proposed design can 
achieve a 14.2% bandwidth with a maximum gain of 15.5 dBi at 
135 GHz. The present work is the first D-band resonant cavity 
antenna fabricated using two different 3D printing methods. 
 
Index Terms—D-band, low THz, 3D printing, additive 




ILLIMETER-WAVE (mmW) and submillimeter-wave 
technologies are finding new applications for 
commercial development in recent years [1]. Rapid progress 
has been made to develop industrial fabrication and integration 
of millimeter-wave systems operating from 100 GHz to 300 
GHz. As such, these bands are of great potential to be 
implemented in a range of promising applications in the near 
future. For example, the sixth-generation wireless mobile 
communication is expected to enable ultrafast connectivity, 
targeting at a maximum data rate of 100 Gbit/s around 300 GHz 
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[2]. The implementation of electronic devices and integrated 
circuits at mmW and sub-mmW frequencies requires suitable 
and robust packaging to meet the requirement of the signal loss, 
dimension, and fabrication issues for practical applications [3]. 
In this context, the antenna development needs to be carefully 
carried out considering packaging cost and performance in the 
bands above 100 GHz. Two major packaging technologies have 
been employed in mmW and sub-mmW systems. One approach 
is the quasi-optical packaging, where dielectric lenses are 
mounted in front of on-chip antennas [4], [5]. The planar 
antennas can be designed and fabricated along with monolithic 
microwave integrated circuits (MMIC) to avoid the 
interconnection loss and prevent circuit parasitic effects and 
fabrication tolerances. Non-conductive epoxy glue is used to 
attach the lens with the on-chip radiator. Here, accurate 
alignment is required to ensure the feed point is located at the 
focal point of the lens; otherwise, the beam peak will shift off 
the boresight direction [6]. Another packaging method is to use 
split waveguide blocks. Waveguide interfaces are the most 
commonly used at mmW through sub-mmW bands due to the 
low loss and high-power capacity. From the measurement 
perspective, the measurement setup for characterizing 
waveguide fed antennas can be easier than the on-wafer 
measurement of the on-chip antennas. Recently, transitions can 
be integrated with the bare die with an insertion loss as low as 1 
dB at 500 GHz [7], which enables easy and cost-effective 
coupling to external waveguide fed antennas. Thus, horns, 
reflectors, and lenses can be employed as the transmit/receive 
antennas to form directive beams. Generally, these antennas 
require high-precision computer numerical control (CNC) 
milling to ensure high surface accuracy and low surface 
roughness. Due to the increasingly small antenna structures 
imposed by the wavelengths of operation, the antenna 
fabrication becomes difficult, costly, and time-consuming. To 
tackle the challenges and further explore waveguide fed 
antenna solutions, several antenna designs with different 
fabrication processes have been developed to operate above 
100 GHz. Silicon-based micromachining technologies have 
enabled 3-D antennas, e.g., corrugated horn, silicon lens, for 
operations up to 1.9 THz with the maximum aperture efficiency 
of 85% [8]-[10]. Authors in [11] propose a substrate integrated 
waveguide fed slot antenna array that can be fabricated using 
low-temperature co-fired ceramic (LTCC) technology. 
Operating at 140 GHz, the antenna achieves a maximum 
measured gain and efficiency of 21.3 dBi and 34 %, 
respectively. Although LTCC technology offers reliable 
assembly and packaging of front-end components in a single 
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multilayer laminated package, the via size and line 
width/spacing are limiting process constraints that hinder the 
use of LTCC at submillimeter-wave frequencies. Another 
technology to fabricate waveguide slot antenna arrays up to 350 
GHz is metal diffusion bonding, which utilizes interdiffusion of 
atoms across the interface to bond the antenna feeding network 
layer and the radiating slot layer [12]. It is worth noting that all 
the aforementioned antenna fabrication techniques have 
disadvantages of high tooling and equipment cost, long lead 
time for small-volume prototyping or production. Until 
recently, the proliferation of additive manufacturing (AM) or 
3D Printing (3DP) has opened new opportunities for low-cost, 
rapid, and on-demand manufacturing of mmW and THz 
antennas and components [13]-[16]. A dielectric material 
jetting technique in [14] is used to 3D print a horn antenna 
working at 105 GHz based on hollow-core electromagnetic 
crystal (EMXT) waveguide. The resulting horn structure is 
shown a lack of dielectric to waveguide transition; thus, it is 
very challenging to measure the antenna and couple it with 
other components. Metal printed horn antennas have also been 
investigated up to 352 GHz [16]. Measurement results show the 
gain degradation is mainly caused by the increased surface 
roughness of the printed metal as compared to the smooth 
copper. 
While research interest continues to expand in 3D printing of 
mmW and sub-mmW antennas, most of the previous works 
focus on the design of horn and lens antennas with large 
electrical size. Though the large aperture reflectarray [13] 
shows good performance, it needs dedicated feed and 
supporting fixtures to accurately control the focal length, which 
leads to a heavy and bulky antenna system. There are still very 
few compact, lightweight all-metal antennas that can be 3D 
printed to operate above 100 GHz. This paper presents a 
D-band, compact antenna based on the resonant cavity antenna 
(RCA) concept [17]-[19]. RCAs have been investigated mostly 
in microwave bands employing planar antenna feeds and 
dielectric-based superstrate [20] - [23]. At frequencies above 
100 GHz, these designs depend on the accurate control of the 
cavity height, which is difficult to be manually assembled. 
Also, the unit cell size of PRS becomes small, and the cost of 
patterning the PRS onto high-end low-loss dielectric materials 
is increased. An all-metal RCA with built-in cavity can 
alleviate above-mentioned problems. The present antenna can 
be produced in a single production cycle. The self-supporting 
antenna structure integrates directly to a standard WR-6 
waveguide port, and the directivity of the waveguide feed can 
be enhanced to form a directive beam. Both dielectric and metal 
additive manufacturing methods are used to print the 
prototypes. The resultant antenna shows a measured radiation 
efficiency of 70%, 20 GHz of 3-dB gain bandwidth, and 15.5 
dBi maximum gain at 135 GHz. The antenna as printed 
performs well without the need for expensive and 
time-consuming postprocessing. To the best of authors’ 
knowledge, the proposed work is the first demonstration of 
D-band resonant cavity antennas fabricated by commercially 
available printers. This paper is organized as follows. The 
antenna design principle is described in Section II. Details of 
manufacturing processes are presented in Section III. In Section 
IV, we demonstrate and discuss the performance of the printed 
antennas by comparing the simulated and measured results. 
Finally, conclusions are made in Section V.  
II. ANTENNA DESIGN CONCEPT 
A. RCA Principle of Operation 
The antenna structure consists of a partially reflective 
surface (PRS) as the superstrate and a feed antenna with a 
ground plane, as shown in Fig. 1. The PRS superstrate can 
reflect part of the incidence wave, the rest of which leaks into 
the free space. Therefore, the incident wave launched into the 
parallel plate cavity formed by the PRS and ground plane 
undergoes multiple reflections inside the cavity. There is strong 
resonance inside the antenna cavity. Through proper control of 
the constructive interference of reflected/transmitted waves, the 
low directivity of the feed antenna can be enhanced, forming a 
high directivity beam. Here we use ray tracing to analyze the 
leaky wave behaviors of RCA [24]. Consider, first of all, the 
reflection coefficient of the PRS to be . Phase shifts of 
the rays transmitted through the PRS are introduced by the path 
length, the ground plane and the phase of the PRS reflection 
coefficient . The electric field at the antenna far-field is 








where  is the radiation pattern of the source,   is the 
maximum E-field strength, and 
  is the phase difference 
between the emergent rays. If we define  as the phase 
difference of the neighboring rays, 





where   is the cavity depth,  is the free-space wavelength. 






To form a focused beam at the broadside ( ) with a 
maximum directivity, 
 in the above equation needs to 






From (5), a PRS with a higher magnitude of reflection 
coefficient R can yield a higher directivity. However, the 
half-power gain bandwidth decreases as R increases. The 
solution to PRS superstrate used in our design is a metallic grid, 
chosen since this type of structure is more suitable to be 
additively manufactured than the one etched on thin substrates. 
Most RCA designs at microwave frequencies use a frequency 
selective surface (FSS) based superstrate, and the cavity depth 
is controlled by screws positioned at the four corners in 
between the superstrate and ground plane [22]. At mmW/THz 
frequencies, this approach faces problems such as the higher 
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dielectric loss and inaccuracy of the cavity depth (accuracy in 
the order of 0.1 mm at 300 GHz) when a manual assembly of 
the antenna is sought.  
 
Fig. 1.  Illustration (side view) of the RCA working mechanism. 
 
Fig. 2 shows the D band all-metal RCA configuration 
comprising a PRS, an impedance matching layer (IML), and a 
standard waveguide feed (WR-6). First, the unit cell of the PRS 
is optimized following two general rules: i) larger reflection 
magnitude results in higher antenna gain, but the resulting 
impedance matching would not be practically tunable due to the 
strong resonances inside the cavity. Also, the Q factor is so high 
that the gain-bandwidth product is narrow; ii) the antenna 
reflection coefficient is dependent on the dimensions of the unit 
cell. In practice, it is of importance to finetune the parameters of 
the unit cell in order to use the commercially available 3D 
printers to fabricate the resulting antenna. As a compromise, a 
relatively low reflection coefficient is adopted to achieve a 
moderate gain. Parametric studies of the two key parameters (a, 
t in Fig. 2) to fine-tune the magnitude and phase of the 
reflectivity response are shown in Fig. 3, and Fig. 4. Since the 
realized antenna gain is proportional to the reflection 
magnitude, as given in (5), the smaller unit cell aperture lateral 
size a has less reflection magnitude change over frequency, 
thus producing flatter antenna directivity versus frequency 
curve. It can be seen that the reflection magnitude is less 
sensitive to the change of unit cell layer thickness t, which is a 
limiting parameter for the practical antenna fabrication. At the 
operating frequency fo, the reflection phase  of the PRS is 
obtained through unit cell simulation to determine an initial 






Fig. 2.  Antenna schematic view (a) and IML configuration (b).  
 
 
Fig. 3.  Parametric study of unit cell periodicity a. 
 
 
Fig. 4.  Parametric study of PRS layer thickness t. 
 
 
Fig. 5.  Simulated antenna impedance matchings w/ and w/o proposed 
transition.  
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Fig. 6.  Gain comparison of different aperture sizes. 
 
Fig. 7.  Simulated antenna radiation pattern at 140 GHz. 
 
Fig. 5 shows the computed reflection coefficients of the 
antenna shown in Fig. 2. It is evident that the RCA can operate 
with a below -10 dB reflection coefficient from 134 GHz to 158 
GHz by introducing the impedance matching layer consisting 
of a shallow horn transition between the waveguide feed 
aperture and antenna cavity. By introducing the quasi-horn 
impedance matching layer, the impedance of the feed can be 
gradually transformed to achieve an excellent impedance 
matching over a 20 GHz bandwidth. Fig. 6 shows the gain 
comparison of three PRS configurations. The maximum gain of 
the RCA is shown to have less than 1 dB enhancement by 
increasing the aperture size. It is depicted in Fig. 7 that, for the 5 
× 5 unit cell PRS, the simulated radiation pattern is directive in 
the broadside with a gain of 14.7 dBi. 
B. Gain Enhancement 
To improve the performance of the antenna in Fig. 2, some 
critical modifications are required, and the final antenna 
dimensions need to be printable using suitable 3DP techniques. 





Fig. 8.  (a) Exploded view of the antenna configuration; (b) top view of the 
PRS. Final parameter values of the optimized antenna a = 1.07 mm, at = 0.64 
mm, d = 0.43 mm, t = 0.3 mm, tt = 0.33 mm, tf = 1 mm, hc = 0.86 mm, w = 1.65 
mm, l = 2.24 mm, wa = 1.65 mm, wb = 0.83 mm. 
 
For ease of measurement, we integrate the standard 
waveguide flange into the antenna design. Built on the UG387 
flange base, the RCA consists of a tapered PRS supported by a 
metal wall spacer. The feed waveguide is a standard WR 6 with 
aperture of wa × wb (2.54 mm × 1.27 mm). As shown in Fig. 8 
(b), the center 3 × 3 PRS unit cells have the same periodicity 
and lateral size while the other unit cells along the edges have 
smaller sizes. The entire PRS structure is symmetric with 
respect to the x and y-axis. The WR6 waveguide feed is directly 
connected to the IML. It is worth noting that adding the 
supporting metal wall and tapering the sizes of unit cells at the 
four edges are two important methods to improve not only the 
mechanical stability but also the overall antenna performance. 
First, enclosure by the four metal walls leads to antenna 
structure stability, and the cavity thickness can be accurately 
defined by the height of the metal wall. Second, the antenna 
impedance matching along with the radiation efficiency can be 
improved by tapering the lateral length of the square unit cell 
aperture. Fig. 9 shows that the antenna impedance matching can 
be further improved by introducing the unit cell tapering and 
metal wall. Moreover, the antenna gain is increased by 
approximately 1.5 dB by using both PRS tapering and wall 
enclosure methods, as shown in Fig. 10. It is clear in Fig. 11 
that the side lobes and back lobes of the RCA are significantly 
reduced by introducing the supporting walls and tapering of the 
PRS. Fig. 12 indicates the tapered PRS antenna has a larger 
effective aperture excited than the non-tapered PRS antenna. 
The reason is because the unit cell is almost halved, and the 
co-polarized wave is mostly blocked at the aperture edge. 
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Fig. 9.  Simulated reflection coefficients in the D band. 
 
 






Fig. 11.  Simulated D-band antenna radiation patterns: (a) E-plane; (b) H-plane. 
 
 
Fig. 12.  Simulated E-field distribution across the PRS aperture with and 
without edge tapering of the PRS. 
 
III. ANTENNA ADDITIVE MANUFACTURING 
A number of different 3DP techniques have been developed 
in recent years, most of which can be divided into two main 
categories: polymer/dielectric 3DP and all-metal 3DP. As the 
operating band steps into the mmW ranges, the quality of the 
printed parts is of great importance to the resulting antenna 
performance. Printing resolution, structural limitations, and 
surface finish are among many intangible factors that are key to 
a functional antenna part. Due to the small wavelength, 
mmW/THz antennas tend to have fine geometry details, which 
impose stringent requirements on the manufacturing methods. 
It is generally desirable to use the commercial 3D printers that 
can achieve high spatial resolution, small build layer thickness, 
and low surface roughness. Table I summarizes the viable 3DP 
techniques reported for producing millimeter-wave 
components. Next, we describe two 3DP techniques used to 
produce the proposed RCA. 
 
TABLE I COMPARISON OF DIFFERENT 3DP TECHNIQUES 










(SLA, DLP) 0.1 mm 16µm 1 µm ±0.15mm 
Material Jetting 0.3 mm 16µm 2µm ±0.025mm 
Metal Printing 
Powder Bed Fusion 
(SLM, DMLS, 
EBM) 
0.2 mm 20µm 12 µm 
as printed ±0.0254mm 
Binder Jetting 0.15 mm 42µm 3 µm ±0.13mm 
 
A. Metal Coated Polymer Antenna 
Material Jetting (MJ) has demonstrated its capability of 
additively manufacturing THz components [25]. The polymeric 
antenna components were printed using a Stratasys J750 
industrial-grade 3D printer. The printer produces models by 
jetting thin layers of printing materials on the build tray until 
the complete model is formed. UV light sources attached to the 
print heads are used to immediately cure the sprayed resin. 
After an entire layer is finished, the build platform drops one 
layer in height, and the process is repeated until the entire part 
is complete. To print objects with different hardness, flexible, 
and rigid model materials are digitally printed in different 
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ratios. The antenna part shown in Fig. 13 was finally built with 
a layer thickness of 14 µm in 20 minutes. 
 
Fig. 13.  As printed polymer antenna part using VeroPureWhite (RGD837). 
Electroplating is a common method to metal plate the 
dielectric part. To make a conductive seed layer, the antennas 
were coated with a thin layer of platinum using a physical vapor 
deposition (PVD). PVD is a vacuum metallization process 
where a metal vapor is created by the bombardment of a solid 
target with gaseous Argon ions. This vapor is then deposited on 
the antenna forming a thin metallic film. Due to the directivity 
of the process, the antenna is not only placed on a rotating table 
in the vacuum chamber, but the process is also repeated up to 5 
times while reorienting the antenna around each time to 
improve the coverage of the part. Fig. 14 shows the 
copper-plated antenna surface. The polymer antenna samples 
fabricated from the VeroPureWhite, RGD837 material, had 
improper coverage due to the outgassing of the polymer. This 
was most pronounced at the sidewalls of the 3D-printed part. 
After PVD coating, the seed layer was thickened to about 10 
µm by copper plating. Although the described process 
produced acceptable results for a proof of concept, much 
improvement can be made to improve the durability, coverage, 
and quality of the metallization. 
 
Fig. 14.  Microscopic view of the PVD coated antenna surface. 
B. Metal Printed Antenna 
The most attractive feature of metal 3DP is the feasibility of 
producing the final parts that can be used for end-use 
applications without any post-processing, thus saving time and 
labor. Direct metal laser sintering (DMLS) is an industrial 3DP 
process that has been implemented to prototype mmW 
waveguides [26]. Typical material options are Aluminum 
AlSi10Mg and Stainless Steel 316L. Parts printed by using 
Stainless Steel 316L have excellent corrosion resistance and 
can be further polished like conventionally produced stainless 
steel parts while the lightweight AlSi10Mg material has 
slightly worse part accuracy. The DMLS process begins with 
melting the first layer onto a metal build plate. Each layer is 
melted with a high-power fiber laser, melting the powder (5-63 
µm) in the appropriate areas as controlled by the 
computer-aided design (CAD) model. The process is repeated 
layer by layer until the desired part is created, which takes 1.5 - 
2 hours. The cost for manufacture via DMLS is material 
sensitive, indicative costs for the two antennas are below $200 
using 316L and AlSi10Mg. Fig. 15 shows that the printed 316L 
antenna can be directly mounted to the standard waveguide 
flange (UG387/UM) of the test port. 
 
Fig. 15.  Printed all-metal antenna (stainless 316L) without polishing. 
The surface roughness of the fabricated metallic antennas 
(and polymeric for comparison) was measured (Table II), using 
white light interferometry (Dektak XTL, Bruker, UK). The 
measured results are shown in Fig. 16. Print resolution for 
DMLS is limited by a combination of powder particle size and 
laser beam spot diameter. The potential for higher resolution 
and improved surface quality may be realized through the use 
of specialized Powder Bed Fusion (PBF) technology that uses a 
thermal source that induces fusion (sintering or melting) 
between the particles of a plastic or metal powder one layer at a 
time. 
TABLE II SURFACE ROUGHNESS VALUES FOR 3DP ANTENNAS 
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Fig. 16.  Measured surface roughness for (a) polymer antenna sample; (b) 
metallic antenna sample. 
 
IV. ANTENNA EXPERIMENTAL RESULTS 
The proposed RCA is fabricated with overall sizes of 7 mm × 
7 mm × 2.5 mm. Measurements were performed in the lab of 
ESAT, KU Leuven. Fig. 17 shows the measurement setup. RF 
signals are generated with an Agilent PSG and then multiplied 
by 12 to the D-band frequency range with an R&S VNA 
extender. The antenna under test is mounted on the waveguide 
flange of the frequency extender, and the whole setup is placed 
on top of a rotational stage from Thorlabs. The receiving 
antenna is a standard D-band horn antenna (around 24 dBi 
gain), and the received signal is down-converted with a 
subharmonic mixer prior to measuring its power with an R&S 
spectrum analyzer. The measurement setup is controlled by a 
computer using MATLAB. For the antenna gain 
measurements, first, a “through” measurement is performed 
with two Millitech D-band horn antennas with known gain 
(from the datasheet). Next, one of them is replaced with the 
antenna under test, and a comparative measurement is done to 







Fig. 17.  Antenna measurement setup: (a) schematics; (b) pattern measurement. 
 
 
Fig. 18.  Measured reflection coefficients of the two printed antenna prototypes. 
 
 
Fig. 19.  Measured peak gains of the two printed antenna prototypes. 
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Fig. 20.  Measured radiation patterns at 135 GHz; (a) metal printed antenna; (b) 
polymer printed antenna. 
The measured reflection coefficients of the two antenna 
samples show good agreement with the simulated results, as 
depicted in Fig. 18. A broad -10 dB S11 frequency range is 
observed, covering from 126 GHz to 170 GHz.  
Fig. 19 shows the simulated and measured gain. It is noted 
that for the metal printed antenna, the gain peaks at the 
frequency of 135 GHz with a value of 15.5 dBi, which is a 
5-GHz, 3% shift from the design center frequency (f0 = 140 
GHz). It appears that the antenna frequencies of operation are 
downshifted. The achieved gain peak is 1 dB less than the 
simulated one, which is mainly due to the metal losses. As for 
the copper-coated polymer sample, the maximum gain is about 
12.1 dBi at 146 GHz. The gain curve shifts upwards. There is 
about 4 dB gain reduction, which is speculated to result from 
the metallization processes. It is highly likely that the inner 
surfaces of the PRS and metal cavity are not fully metal plated. 
For both the antenna samples, the gain shift in frequency may 
be caused by the inaccuracy of the cavity thickness hc during 
the 3DP processes. The measured radiation patterns at the gain 
peak for the two antenna prototypes are shown in Fig. 20. The 
metal printed sample exhibits a narrower beamwidth in E-plane 
with a half-power beamwidth (HPBW) of 30°. The maximum 
cross-polarization level is below -20 dB within the antenna 
HPBW angle range. As regards to the polymer sample, the plot 
shows asymmetry beam pattern in E-plane. We assess the 
reason is that the polymer material is soft after printing, which 
leads to some bending of the thin PRS superstrate. It is noted 
that the two antennas have a sidelobe level of better than -13 dB 
at E/H planes. 
Table III compares the reported mmW antennas fabricated 
by different 3DP techniques. It is clear that the proposed RCA 
has the smallest effective aperture size with a moderate gain. 
Also, the low profile (total height of 2.5 mm) of the presented 
antenna permits a compact system when the antenna is 
connected to a chip through a chip to waveguide transition. 
 











[13] MJ 10λ 100 GHz 25 dBi 74.2% 
[14] MJ 12λ 140 GHz 20 dBi 84.8% 
[15] SLA 15λ 250 GHz 24 dBi 68.9% 




3λ 140 GHz 
15.5 dBi 
77.5%(max.) 
MJ 12.1 dBi 
 
A sample of the metal 3D-printed antenna was coupled into a 
system together with the transmitter presented in [27]. Fig. 21 
illustrates the CMOS transmitter’s schematic. The continuous 
phase frequency-shift keying (CPFSK) transmitter is 
implemented by a 140 GHz digitally controlled oscillator 
followed up by a power amplifier. This frequency source can 
deliver up to 7dBm output power, which is then fed to the 
antenna through a ground-signal-ground (GSG) to waveguide 
transition delivering a measured output power of 5 dBm at 142 
GHz to the antenna [28]. The performance of the system was 
verified by measuring the effective isotropic radiated power 
(EIRP) with a subharmonic mixer and spectrum analyzer. An 
EIRP of 19 dBm was achieved around the expected level. The 
ultra-low profile of the antenna makes it a low-cost, attractive 
alternative to the CNC machined horn antennas when 
employed in miniaturized transceiver modules [29]. 
 
Fig. 21.  Measurement setup for characterizing the transmitter integrating the 
metal printed antenna with the CMOS chip. 
V. CONCLUSION 
A low-profile all-metal antenna design with resonant cavity 
configurations is shown to form directive beams in the 
frequency range of 130-150 GHz. The antenna has an 
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advantage of direct integration of the waveguide feed and 
partially reflecting surface into a single antenna configuration. 
The optimization of the antenna performance is achieved by 
tuning the impedance matching transition and lateral sizes of 
the PRS unit cells. Thanks to the commercially available 3D 
printing techniques, the proposed antenna concept is 
successfully prototyped and verified by experimental results. It 
is shown that the resulting antenna has a wide bandwidth and a 
maximum gain of 15.5 dBi with directive beam patterns at 135 
GHz. The presented antenna can be readily assembled into any 
transceivers that have a standard waveguide interface. 
Moreover, because of the all-metal structure, the antenna can be 
scaled to other frequency bands. Successful demonstration of 
the proposed antenna proves the great potential to employ 
additive manufacturing to produce antennas operating beyond 
100 GHz directly from CAD files for rapid prototyping and 
production, with reduced costs. 
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